Introduction
The paper presents results of test-bench work intended to describe modal properties of two steel blades dismantled from an axial compressor: the defectfree (serviceable) and the cracked ones. The results facilitate verification and improvement of the existing mathematical models of the cracking process (the effect of friction in the gap) [2, 5] and dynamic methods applied to the diagnosing of blades [1, 4, 7] during the maintenance and overhauls of turbine engines and gas turbines.
Description of the problem
Incomplete knowledge of adverse dynamic phenomena not only prevents us from making correct predictions on the expected lives of blades. First and foremost, it results in diversification into actual conditions of the blade material's effort. Consequently, single cases of blade cracking or break-off occur (Photo 1).
The excessive uncontrolled fatigue of the blade material:
• presents a hazard to operational safety,
• reduces lives of fluid-flow (turbo-) machines, and • increases operational costs.
Problems with material's fatigue are a real challenge to the diagnostic staff who not only have to recognize the current health of blades (with various NDT methods) but also are expected to investigate into the reasons for any fatigue damage to any blade (i.e. a receivers of energy). In order to identify the underlying reason(s) for any defect, the following questions should be answered:
• about the source -where hazardous excitations are generated;
• about the path -how the energy is transmitted from the source to a receiver; Answering the above questions is only possible after correct recognition and evaluation of actual conditions of operating the blades. This objective can be attained with two methods: the signal analysis and the systemic analysis.
The signal analysis consists in the examination of system responses to presumably unknown excitations; the analytically gained results are displayed in the form easy for interpretation. The monitoring of operating conditions of rotating blades with the blade tip timing method [4, 5, 7] is a good example of this kind of analysis.
The systemic analysis involves recognition of modal properties of the whole system by means of simultaneously taking measurements of excitations (applied loads) and responses; the results gained are displayed in the form of the transition function. Examination of resonant properties of blades on the exciter can serve as an example.
Systemic analysis of steel blades
Modal properties were calculated for the first-stage compressor blades of the SO-3 engine (blade: enamel-coated, the modified blade profile NACA-65, h/c = 2.65 and trapezoidal blade-locking piece. The blades were made of the 18H2N4WA steel (R 0.2 = 800 MPa, R m = 1100 MPa). One-end attached plate represents a mathematical model for the theoretical study of blade vibration.
The blades exposed to tests represent a typical case that proves the importance of monitoring fatigue processes under service/maintenance conditions: 27 blades in total were broken off in 10 engines in the years 1979-91. Analyses of those events proved very low effectiveness of eddy-current inspection methods commonly used in the engine-maintenance practice of that time: not a single case of blade cracking was detected prior to the engine failure during the above-mentioned period. The situation could be effected with the following causes:
• the blades exposed to tests/examination proved difficult of access (the effect of inlet guide vanes), • lack of reliable information on actual conditions of operating the blades (the effect of uncorrected blade design error and excessive dispersion of modal properties), • the effect of the crack gap closure after the engine shut-down -reduction in symptoms of cracking by 50% was observed as early as after 12 hours' shutdown of the engine, • insufficient knowledge of mechanisms and early symptoms of fatigue of blade material.
To provide safe operation of the SO-3 engines, researchers from ITWL have developed the SNDŁ-1b/SPŁ-2b diagnostic system [5] based on the blade tip timing method. The system was implemented into service in 1993; since 1997 it has also been used in the engine overhaul practice. Furthermore, research efforts were commenced to identify early symptoms of fatigue of blades made of steel, titanium, and high-temperature alloys [6] .
A test method
Identification of modal properties of engine blades was carried out with the B&K 4802T electrodynamic exciter used in the WZL-3 during overhauls of the SO-3 engines. The test bench was furnished with the following equipment:
• the MTI Instruments MicroTrack The blades were subjected to sine input loads (excitations, i.e. bending cycles for the 1 st and 2 nd modes of blade vibration, and torsional-deflection cycles for the 3 rd mode of blade vibration). The effect of both the centrifugal force -the predominant quasi-static load affecting the blade during the engine operation, and the interaction between blade vibration and aerodynamic loads were ignored at that stage of testing work.
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Fig. 1. Optical measurements of blade vibration [6] The idea of the blade-vibration measuring method consists in the proportional mapping of displacements of laser-lighted blade surface onto the CMOS matrix of the measuring head (Fig. 1) . As a result, a voltage signal appears at the output of the analogue measuring system. The frequency band of that signal is limited to the maximum value of 20 kHz by means of a low-pass filter (sample frequency --44 kHz). Sensitivity of the measuring channel is 100 mV/mm.
The detailed analysis of recorded data (ASCII files) was carried out using the Excel spreadsheet. Identification of modal properties of a specific blade was based on the operator transfer function G(ω)
where: X(ω) -amplitude of sine inputs (excitations) of the exciter head, Y(ω) -amplitude of blade vibration in a pre-set distance from the blade lock joint and edge.
Test results
The applied test method provides reliable measurements of amplitude, frequency and vibration phase for the blade-displacement amplitude exceeding 2 µm (the accuracy class 0.32). The reliable mapping of the shape of resonance curve was effected for the rates of excitation frequency variations up to 2.5 Hz/min for the 1 st mode blade vibration (bending, Q s >350) and 1.0 Hz/min for the 3 rd mode blade vibration (torsional, Q s > 1000).
The impact of measuring conditions on the resonance characteristics of the blade
The analysis covered basic metrological factors that could not be neglected while accurately investigating the resonance curve. The impact of such factors on the analysed parameters has been shown in Table 1 . Table 1 Impact The effect of the rate of wobulation of excitations (frequency sweep) has been illustrated in Fig. 2 . As the rate of wobulation increases, deteriation in the Q factor of the resonant system is observed with simultaneous reduction in the gain coefficient. The resonance-frequency shift is also observed, i.e. the increase in the resonance frequency in the course of tests along with the increase in frequency of excitations. This phenomenon is considered a primary source of hysteresis of the resonance frequency of blades, which can be determined during transient states. The following rates of wobulation are attained in the course of the SO-3 engine running: -1.500 Hz/min (deceleration) and 1.800 Hz/min (acceleration). Impact of rates of wobulation on the resonance curve for the 1 st mode blade vibration [6] The impact of conditions of fixing the blade in the exciter's head is illustrated in Fig. 3 . As the clamping force decreases (pressure p z upon the hydraulic-clamp piston), a slight drop in the resonance frequency and the gain coefficient under resonance conditions is observed. However, these changes are smaller than in the case of titanium blades with trapezoidal locks (the TW3-117 engine) and turbine blades with herringbone lock joints (the SO-3 engine).
The parameter found in that way is essential to measurements with the blade tip timing method and to calculations with the Finite Element Method.
• Exclusively in the BLISK technology the blade remains rigidly fixed in the disk during the engine standstill. What is observed in other cases is some additional effect of conditions of fixing the blade upon its frequency changing along with variations in the rotational speed. This phenomenon is evi-dent while starting the engine and during its rundown. For these ranges of engine running, application of a simplified formula (2) to calculate frequency of forced vibration f B of a given mode of operation is limited.
• Vibration energy dissipation by the blade lock joint depends of its type, geometry, and blade material.
• Diagnostic symptoms of the disc cracking, taken into account in the blade tip timing data analysis, depend on the type of lock joint of the blade used as a phase marker of rotor rotation.
The above-mentioned finding is also of significance while taking measurements -during the engine standstill -of free vibrations of a pulse-excited blade. To reduce the risk of erroneous diagnosis it is necessary to simultaneously perform analysis of both vibration frequency and damping decrement. 3 . Impact of the lock joint's clamping force on frequency of the 1 st mode blade vibration [6] The level of excitations is another parameter that affects the resonance curve of a steel vane - Fig. 4 . As the excitation amplitude increases s substantial decrease in the gain and only slight decrease in the resonance frequency are observed. For a wide range of excitations the resonance curve remains symmetrical (within the bandwidth of 3dB).
Modal properties of a defect-free blade
A steel compressor blade can be considered a narrow-band mechanical filter. The blade is susceptible to vibration exclusively nearby modal frequencies. Modal parameters of the blade have been given in Table 2 . A high Q factor of the resonance system for the 1 st mode of bending and torsional vibration: a) requires low rates of wobulation of the excitations while precisely determining resonance curves of the blade on the exciter; b) is a parameter that defines the widths of synchronization zones (approx.±100 rpm) as well as predominant frequencies and forms of blade vibration in the course of engine running. Blade vibration is only weakly damped, so any subsequent stimulation with aerodynamic excitations (the circumferential clocking of stator vanes) and mass excitations (unbalance, misalignment) is applied even prior to the moment the effects of earlier stimulation are gone. This is conducive to the effect of synchronization at Cantor-set values of frequency; and c) allows of the analyses of subsequent blade vibration modes with the tip timing method [4] in spite of the spectrum multiplication and aliasing.
In the case of a defect-free vane resonance characteristics of particular modes were gained, ones that could be well described with a model of a single-degree-offreedom linear system (SDOF) -of mass m suspended on a spring with spring rate K and viscous damping C.
Characteristics of subsequent modes remain continuous under resonance conditions and exhibit good symmetry around the resonance frequency (within the bandwidth of 3 dB). The blade displacement at the measuring point can be described with:
• vibration amplitude: 
where: ω o -free vibration frequency, δ -logarithmic damping decrement.
Modal properties of a cracked blade
The impact of a natural crack in a blade on modal properties thereof was investigated for the crack centre located on the suction face and trailing edge of this blade. In both cases a vital qualitative change was found - Fig. 5 . In the immediade vicinity of the resonance of the the 1 st blade bending mode the displayed plots evidently point up a pretty 'soft' characteristics of the nonlinear system -the resonance curve is inclined towards lower frequencies. The analysis of vibration damping is possible solely on the grounds of considering how the resonance frequencies of the amplitude and phase are positioned to each other. The half-power method (of referring the resonance-curve width to the amplitude of 3dB to the amplitude-resonance frequency) and results of the FFT analysis exhibit apparent increase in damping. A method of response to pulse excitation proves averaged values of damping (effect of decreasing vibration amplitude upon the damping) and free-vibration frequency. Between the f snA and f snB frequencies the system offers two stable T-periodic solutions (T-periodic attractors) marked with a solid line:
• S r -the resonant attractor that represents blade vibration in the course of exciting frequency's increase, • S n -the non-resonant attractor that represents blade vibration in the course of exciting frequency's decrease.
The attractors disappear at points of saddle-node bifurcation s nA i s nB where an abrupt change in blade's operating conditions (i.e amplitude and phase) occurs -this sudden switch-over is marked with arrows. Difference between the switchover frequency (the frequency hysteresis) and the amplitude at the bifurca-tion points depends on the size of the blade crack and the excitation level. The dotted line S g indicates the unstable solution of the system. Resonance frequencies of the cracked blade: the phase resonance frequency (phase difference between the response and the excitation -90°) and the amplitude resonance frequency (the maximum amplitude gain) are located on the S r plot and depend on the blade-vibration excitation level and amplitude.
Basing on the chaos theory, new irregular phenomena may be expected to occur at the resonance curve peak. The saddle-node bifurcation s nB may fade away with the increase in the excitation force; a cascade of period-doubling bifurcations and the oscillating-chaos band may appear instead.
Discontinuity of the blade's operating conditions and irregular phenomena in the vicinity of the resonance frequency seem to be additional factors that affect crack propagation rates and blade-vibration (i.e. load) coupling when the engine is running. The engine control system induced fluctuations in the SO-3's rotational speed (rpm) (at steady states) are another factor that intensifies the effect of abrupt amplitude change.
The analysis of the resonance-curve shapes of defect-free (good), notched and cracked blades reveals the following basic differences (diagnostic symptoms of a crack) -Figs 6 and 7:
• decrease in the first-mode frequency,
• discontinuity in the resonance curve,
• deflection of the curve towards lower frequencies,
• slight decrease in the quality factor (maximum amplitude) of the system. In the case of a cracked blade it is important to precisely recognize the type of the resonance-curve attractor. When the phase-angle difference (between the signal of response and that of the blade vibration excitation) is the only basis, it is easy to make a mistake unawares. Lines S n i S r in Fig. 8 represent the 'resonance frequency' determined in that way. For an existing crack, the resonance-frequency error may exceed 1% of the actual value of the free-vibration frequency of the blade. In the case of the first-stage compressor blades of the SO-3 engine that makes over 3.5 Hz. The competence for indicating a suitable attractor also proves decisive in correctly interpreting findings of the non-contact diagnosing of rotating blades. Incorrect interpretation of the blade's resonance frequency taken from the hodograph produced for excitations with the 2 nd harmonic of the engine rotational speed may result in a considerable (even 10%) approximation error for free-vibration frequency. Detection of a blade crack on the basis of the resonance curve shape is possible for safe amplitude level of blade vibration, in the course of fast and unidirectional wobulation of excitations. Higher sensitivity of detection (amplitude jump) is obtained in the course of reducing the exciting frequency. The dynamics of changes in loads affecting the blade during the resonant-to-non-resonat attractor switchover evidently affects crack propagation rate and conditions of breaking the blade off. Findings of bench tests prove these observations to be true. While investigating the supervised crack propagation on the blade's surface it could be noticed that in most cases the break-off of a blade occurred in the course of reducing the rotational speed of the engine.
The asymmetric shape of the resonance curve remains independent of the crack location and blade's construction materials. However, the curve if deflected towards higher frequencies (a system with 'hard' characteristic curve) for blades made of titanium alloys. The symptom occurs for all the blades and is independent of the production technology induced scatter in the blade manufacture quality.
No 'asymmetry' of this kind was for a notched blade being a simplified crack model. A total disregard of friction upon the crack produces additional differences in modal properties of the defected blade - Table 3 . Table 3 Damages The measured and analyzed parameters of the blade are described with the following relationships:
• resonance frequency
The impact of material fatigue on modal properties
Any fatigue damage to a steel blade is preceded with the material strengthening and weakening phases [1] .
The analysis of data from the LCF and HCF tests has proved that modal parameters of a blade can be used to observe the strengthening phase of the material. Some increment in the resonance frequency of the 1 st mode by 0.5÷1 Hz at the initial increase in the quality factor of the resonance system is a diagnostic symptom. What could be observed at this stage of fatigue testing and further structural degradation of the blade material was continuous variations in the resonance-frequency position against the amplitude and the phase (the logarithmic damping decrement). The increasing asymmetry of the resonance curve could be observed at the final stage of the material fatigue process and preceded reduction in the vibration frequency of the 1 st blade mode, i.e. the final stage of the material weakening. The rate of the asymmetry development was governed by the earlier history of the blade loading.
Signal analysis of the blade
The substantial sensitivity of modal parameters of the blade to fatigue of the blade material, and hence the crack propagation, is what non-contact dynamic diagnosing systems are grounded in. While running the SO-3 engine, actual operating conditions and current health/maintenance status of turbine blades are subject to evaluation with the SNDŁ-1b/SPŁ-2b system [5, 7] .
Some decrease in frequency of the 1 st mode vibration is a diagnostic symptom of the early-stage cracking of a loaded blade while starting the engine; however, the following two requirements should be met:
• there are no changes in frequency of the blade's free vibration after the engine has been stopped (i.e there is no load), • there are no symptoms of an open crack that so far could be identified with non-destructive testing (NDT) methods .
The above-mentioned diagnostic symptom represents the final stage of the fatigue-induced weakening of blade material. However, the symptom varies as any 'non-analytical' engine-operating conditions appear, i.e. ones that cannot be taken into account for calculations. These include the synchronous resonance caused by ice deposition at the air inlet or due to bird ingestion (a manufacturing defect, i.e. the mistuning of blades). It may lead to some hazardous increase in the blade vibration amplitudes (i.e. operation within the LCF range) and decrease in the 1 st mode vibration frequency.
As soon as an open crack is initiated, the fact manifests itself in the following forms, additionally:
• the asymmetry of the hodograph of the blade resonance within the range of excitations with the second harmonic of the rotational frequency; in the field of centrifugal forces there is a distinct effect of friction upon the crack gap; • the quasi-static bending of the blade as the rotational speed of the engine increases; this, enables rough location of the crack centre.
The fifteen-years' experience gained in the field of engine maintenance proves that the diagnostic symptoms defined in the above-described way allow of finding some safe time limit -more than 50 hours of blade operation (1/8 TBO) under 'normal' loading conditions (above 9 × 10 7 HCF and 100 LCF cycles).
Conclusions
Investigation into the resonance curve of a steel blade has allowed of finding out reliable diagnostic symptoms that represent: an early stage of material fatigue (strengthening and weakening) and the blade crack initiation and propagation. The described symptoms are to be found in the phase mapping of rotating blades -a method of the non-contact diagnosing of health/maintenance status of the 1 st stage compressor blades of the SO-3 engines.
The results gained prove great capabilities of laser vibration-measuring method. It should be noted that the measuring resolution and sensitivity of the applied analytical method can be even increased by application of a laser head that takes advantage of the Doppler effect (resolution of amplitude measurement is approx. 0.2 µm).
All the results collected so far point out to the fact that for the purposes of overhaul a very labour-consuming, expensive and hardly reliable statistical method of examining three-out-of-all blades in the rim could be replaced with a new non-destructive method of examining the level of material fatigue and health/maintenance status of all the blades in the blade-ring. It should be kept in mind that the method commonly used nowadays requires that vibration frequency be reduced by 3 Hz, which represents a crack 2÷10 mm long; and that blades fixed in the same blade-ring have different service lives and usually unknown loading history .
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